Coded modulation techniques for development of a B-ISDN-compatible modem/codec are investigated. The selected baseband processor system must support transmission of 155.52 Mbit/s of data over an INTELSAT 72-MHz transponder. Fundamental system parameters, including channel symbol rate, code rate, and the modulation scheme, are determined. From several candidate codes, a coded octal PSK modulation is selected, and its bit error rate performance is analyzed by computer simulation. The hardware implementation complexity of the decoder for the selected code is also examined.
A recently developed coded octal PSK (COPSK) modem with a transmission rate of 60 Msymbol/s supports an information rate of 140 Mbit/s. This modem has been field tested to demonstrate restoration of the TAT4 fiber optic cable by satellite. The implemented 14O-Mbitls modem/codec consists of a 16-state trellis code of rate 7/9 and an OPSK modem [l] . The bandwidth efficiency of the 14O-Mbitls COPSK system is 1.57 bit/s/Hz of the allocated bandwidth, which is an improvement of 33 percent over the QPSK TDMA system.
The synchronous optical network (SONET) is a family of interfaces primarily for use in optical networks. The SONET standard is designed to specify how optical signals would be transported between a number of different vendors' equipment and networks. This standard, along with several other specifications, provides an interface to broadband integrated services digital networks (B-ISDNs). A B-ISDN provides broadband services such as broadcast TV, high-definition TV, and transmission of database files at a high data rate. The standard line bit rate of OC-3 (optical carrier level 3) in the SONET hierarchy i s 155.52 Mbit/s, which equals the standard bit rate for B-ISDN.
Given the high reliability of satellites, it is advantageous for network operators to have available economical, B-ISDN-compatible links via the INTELSAT system using only one 72-MHz transponder. Such satellite links can interconnect B-ISDN optical fiber networks and provide early introduction of B-ISDN prior to completion of the entire fiber network. Moreover, satellites can also act as a "safety valve" in optical fiber networks. That is, in the case of fiber failure or network congestion, traffic can be routed through a satellite channel on a demand-assigned basis. This paper investigates the design, performance, and implementation complexity of a B-ISDN-compatible modem/codec. System performance objectives and parameters are briefly reviewed, and OPSK is selected as the modulation format because of its constant envelope and the high power efficiency achievable when combined with an appropriate code. Coded modulation techniques, including Ungerboeck codes and Imai-Hirakawa codes, are then briefly reviewed, and several potential candidate COPSK modulations are investigated. The proposed code is an Imai-Hirakawa code of rate 13/15, with block/convolutional component codes that can be concatenated with a high-rate Reed-Solomon code in order to achieve high integrity. The hardware implementation complexity and bit error rate (BER) performance of the proposed code over an additive white Gaussian noise (AWGN) channel and a typical INTELSATV nonlinear channel are presented, andthe flexibility of the decoder for transmission of 140 Mbit/s is examined in detail.
SYSTEM PARAMETERS
The transmission of 155.52 Mbit/s over INTELSAT V transponders requires a bandwidth efficiency of about 1.94 bit/s/Hz, or an improvement of 48 percent over the QPSK TDMA system. Because the required bandwidth efficiency cannot be achieved by QPSK modulation, higher level modulation schemes such as OPSK or 16-ary signal constellations must be considered.
For a given information bit rate, fundamental parameters for a coded modulation system include the channel symbol rate, the code rate (R), the modulation scheme, and the expected error performance. A transmission symbol rate of 60 Msymbol/s is preferred because the QSPK TDMA system is operating at this rate, and hence the available subsystems, such as transmit and receive filters and equalizers, can also be used in the B-ISDN system, thus reducing the overall unit cost. Also, high-level modulation schemes are sensitive to phase noise. The main sources of phase noise are the group delay distortion of pulse-shaping and satellite-multiplexing filters, AM/AM and AM/PM nonlinearities, residual phase modulation in high-power amplifiers (HPAs), and carrier phase noise. Group delay distortion of filters can be almost perfectly equalized when the channel symbol rate is 60 Msymbol/s or less; however, an equalizer for higher channel symbol rates might not perform as well.
A COPSK modulation of rate 31/36 can support transmission of 155 Mbit/s at a channel symbol rate of 60 Msymbol/s. The throughput of the system can be increased to 156 Mbit/s by using a code of rate 39/45 = 13/15. The extra 0.48-Mbit/s capacity of the 156-Mbit/s channel can be used for synchronization in various stages of the transmission link.
International standards for the error performance of B-ISDNs are not yet available. Therefore, a BER of or less is assumed for high-speed broadband services such as highspeed data or broadcast-quality video.
CANDIDATE MODULATION SCHEMES
Candidate moddation schemes for the B-ISDN channel include OPSK, 16-ary PSK, and 16-ary quadrature amplitude modulation (QAM).
OPSK modulation, together with a suitacle code, can achieve good power and bandwidth efficiency over the satellite channels. Sixteen-ary PSK is also a bandwidth-efficient modulation scheme; however, it has not yet been implemented for high-speed applications. The performance of 16-ary PSK modulation is very sensitive to phase noise, and its demodulator requires fine resolution to distinguish between the 16 points closely packed on the circumference of a circle. Moreover, the complexity of the synchronization circuits for symbol timing and carrier and clock recovery is greater than that for the OPSK demodulator.
Sixteen-ary QAM is a power-and bandwidth-efficient modulation scheme, but is most suitable for linear channels. For the present application, the earth station HPAs, and particularly the satellite traveling wave tube amplifiers (TWTAs), must operate in the nonlinear region near thei; saturation point. Therefore, the BER performance of the 16-ary QAM is not expected to meet the systenspecifications.
Based on the above factors, OPSK appears to be the only viablecandidatemodulation method. Therefore, coded OPSK modulation techniques are examined in the next section.
COPSK MODULATION TECHNQUES AND THE CANDIDATE CODES
The area of power-and bandwidth-efficient coded modulation techniques has been of great research interest for several years. In addition to the class of coded continuousphase frequency shift keying (CPFSK) modulation schemes, research in this area has focused in two closely related areas now known as Ungerboeck codes and Imai-Hirakawa codes. CPFSK modulation schemes, which include the class of multi-h codes, are not suitable for the present application because of their low power efficiency and the unmanageable complexity of the modem and codec hardware implementation operating at the required speed.
Ungerboeck Codes
In 1982, Ungerboeck [2] introduced the concept of "set partitioning" and applied this idea to constructing bandwidth-efficient trellis codes. A properly designed trellis code can provide significant coding gain over an uncoded modulation system. Coding gains of about 4 to 5 dB can readily be achieved with a low-to moderate-complexity decoder, at the expense of a more complicated modem.
The hardware implementation complexity of the decoder for Ungerboeck codes depends on the number of encoder states and the code rate, R = k / n . The code rate must be selected to minimize the complexity of branch metric computations.
Imai-Hirakawa Codes
The multilevel coding method proposed in 1977 by Imai and Hirakawa [3] is convenient for high-speed implementation and, for a selected modulation signal space, allows a wide range for the code rate.
In a multilevel/phase signal space, the Euclidian distances between a particular signal point and the remaining points in the signal set are not equal. Since the distance between adjacent signal points is much smaller than the maximum distance between elements in the signal space, more code redundancy must be allocated for encoding the adjacent points. Similarly, the information bits that distinguish between signal points which are far from each other can be encoded by a high-rate code or remain uncoded.
The structure of the class of codes known as the ImaiHirakawa codes is based on the above concept, and they are generated by several encoders of various rates, as indicated in Figure 1 . Low-rate codes are used for encoding the adjacent symbols, and high-rate codes are selected for encoding signal points located at a large distance from each other. Figure 2 , in which the most error-prone information bits are estimated first, using a posteriori probabilities based on the received channel symbols and the code structure. These estimates are then used in later decoding stages to estimate the successively less error-prone information bits.
Power-and bandwidth-efficient Imai-Hirakawa codes can be readily constructed by using the available optimum block/convolutional codes as the component codes. More importantly, available high-speed decoders can be used in the multistage decoding procedure.
The major system parameters for several candidate OPSK trellis codes and Imai-Hirakawa codes are summarized in Tables 1 and 2 . The presented codes have a code rate of about 5/6, and channel symbol rate of about 60 Msymbol/s. With various levels of implementation complexity, these codes can yield asymptotic coding gains, G1 , of 1.8 to 4.1 dB over the uncoded QPSK modulation.
Among the candidate trellis codes of Table 1 , the COPSK modulation of rate 5/6 and 16 states is the most attractive and can potentially yield a high coding gain with moderate hardware implementation complexity. A higher coding gain can be achieved by concatenating the trellis codes of rate 8/9 by a Reed-Solomon code of rate 15/16, with an overall code of rate 5/6 requiringa channel symbol rate of 62.4 MHz. Candidate code 9 in Table 2 is a block/convolutional ImaiHirakawa code of rate 13/15 that meets the system specifications. It was selected for further analysis and hardware implementation because of its high integrity, its simplicity of hardware implementation, and its flexibility for operation in a fallback mode, supporting 140 Mbit/s while achieving a higher coding gain.
The selected code can yield a higher integrity if it is concatenated by a Reed-Solomon code of rate 15/16 having an overall code rate of 13/16 and requiring a channel symbol 
Encoding
The encoder for the block/convolutional code of rate 13/15 consists of three component encoders whose outputs are arranged in a 3-row by 15-column array. The first row of the array is a block of 15 consecutive encoded bits, generated at the output of a punctured convolutional encoder of rate 2/3 and constraint length 7. The second component code is a single-panty check code of length 15 and rate 14/15, and the third row of the array is a block of 15 uncoded information bits, which is a codeword in the universal (15,15,1) code of rate 1. The 3 bits in each column of the array speclfy one of the points in the OPSK signal space. Low Decoding Decoding is performed in three stages. In the first stage it is assumed that the second and third rows of the array are uncoded information bits. In this case, estimates for theinformation bits in the first row of the array can be obtained by feeding the symbol metricsinto a Viterbi decoder for the code used in the first row of the array.
Estimates for the information bits in the second row of the array are obtained by performing single parity check decoding on a set of new symbol metrics. The set of new metrics is computed by assuming that the output of the first decoding stage was correct. To decode the third row of the array, a set of new metrics is computed by again assuming that the decisions made in the previous decoding stages were correct. The polarity of the new metrics determines the information bits in the third row of the array, since the information bits in this row are not coded.
When implemented in hardware, the Viterbi decoder in the first decoding stage must operate at 60 MHz. Hardware implementationof a 64-statecodeoperatingat 60MHz iscurrently a technological challenge. However, the considered codec can be readily implemented for operation at the desired speed by demultiplexing the 156-Mbit/s serial information bit stream into four parallel sequences and using a separate encoder/decoder for the component sequences.
Performance Analysis
The BER performance of the OPSK coded modulation of rate 13/15 for transmission of 156 Mbit/s was evaluated by computer simulation. The received channel symbols were first quantized by a 64-level quantizer, and then compressed to 3 bits by nonlinear mapping. Over an AWGN channel and at a BER of the BER performance of this quantization scheme is within 0.2 dB of the performance of the coded system using unquantized channel symbols.
BER performance results over an AWGN channel and over a typical INTELSAT V nonlinear channel are shown in Figure 3 . The system environment and performance parameters considered in the computer simulations are summarized in Table3. For the AWGN channel, a coding gain of 1.2 dB over uncoded QPsK is observed at a BER of lP5. An effective coding gain of about 2.5 dB is expected at a BER of which can be obtained by extrapolating the BER performance curve of Figure 3 . The 1.08-dB discrepancy between the asymptotic coding gain for this code (3.58 dB, as mentioned in Table 3 ) and the effective coding gain of 2.5 dB is due to the adversary path multiplicity in the k = 7 punctured convolutional code of rate 2/3, suboptimum multistage decoding (instead of maximum-likelihood decoding), and 3-bit soft-decision quantization (instead of an infinite number of quantization levels).
At a BER of lo"', the performance of the single nonlinear satellite channel degrades by about 1.5 dB relative to the performance of the AWGN channel, due to link nonlinearities and intersymbol interference. The BER performance degrades by an additional l dB with one entry of co-channel interference (CCI) at a power level of 18.5 dB with respect to the desired channel. The two 60-Msymbol/s adjacent channels located at +80 and -80 MHz relative to the center frequency of the desired channel degrade the BER performance by an additional 0.3 dB.
The BER performance results shown in Figure 3 are obtained by assuming that the group delay distortion of the modem filters and satellite multiplexing filters is ideally equalized. In a real channel, phase noise caused by the carrier oscillator, link nonlinearities, and group delay distortion of filters degrades system performance. At a BER of lW, degradations due to unequalized group delay distortion can be as much as 0.8 dB. Fortunately, degradation due to phase noise from the above-mentioned sources is not as severe over the real satellite channel. At a channel symbol rate of 60 Msymbol/s, over a usable bandwidth of 72 MHz, the group delay distortion of the filters can be perfectly equalized.
Variable-Rate Feature of the Decode1
The codec designed for transmission of 156 Mbit/s can also be used in the fallback mode to yield a higher coding gain. For example, the inherent flexibility of the punctured codes allows the same codec to be used for transmission of 140 Mbit/s.
A COPSK modulation system of rate 7/9 can support transmission of 140 Mbit/s at a channel symbol rate of 60 Msymbol/s, and can be implemented by modifying the 156-Mbit/s codec in the following manner. The punctured code of rate 2/3 is replaced by a code of rate 6/15 = 2/5. A code of rate 2/5 can be obtained from the original constraint 
